An n-InP-based InGaAsP multiple-quantum-well wafer was bonded with p-Si by chemical surface activated bonding at 70°C, and then annealed at 450°C. Different thermal expansion coefficients between InP and Si will induce thermal stresses in the bonded wafer. Planar and cross-sectional distributions of thermal stress in the bonded InP-Si pairs were analyzed by a two-dimensional finite element method. In addition, the normal, peeling, and shear stresses were calculated by an analytic method. Furthermore, x-ray double crystalline diffraction was applied to measure the thermal strain and the strain caused by the mismatching of the crystalline orientation between InP ͑100͒ and Si ͑100͒. The wavelength redshift of the photoluminescence ͑PL͒ spectrum due to thermal strain was investigated via the calculation of the band structure, which is in agreement with the measured PL spectra.
I. INTRODUCTION
Applications of InP-based materials are becoming more numerous, and the integration of InP with Si may enable the realization of Si-based optoelectronic integration. Silicon's superior mechanical strength and high thermal conductivity make it an ideal supporting material for InP and other III/V compound semiconductors. During the past few years, bonding techniques have been developed for the fabrication of optoelectronic devices on Si substrates.
1,2 A series of bonding methods have been studied, including chemically direct wafer bonding, 3 plasma assisted wafer bonding, 4 and solder bonding. 5 III/V-on-Si wafer bonding usually requires annealing at about 400-500°C to achieve sufficient bonding strength. Such high temperature treatment generates high thermal mismatch stresses, which lead to high dislocation densities. 6 Thermal mismatch and the mismatching of crystalline orientation between InP and Si cause tensile strains in the III/V layers, because the thermal expansion coefficients and lattice constants of III/V compounds are greater than those of Si. The tensile strains are almost completely loaded on the epitaxial layer after removing the III/V compound substrate. Furthermore, the strains have significant effects on the band structure and the PL spectrum.
In order to reduce the influence of thermal stresses, some special assistant methods are worth applying. Decreasing the annealing temperature is a simple method if the bonding energy is still high enough to bear the subsequent device fabrication processes. Tong et al., 7 realized oxide-free covalently bonded interface of InP / Si wafer pairs by treating them with B 2 H 6 plasma and bonding them in air at room temperature. The bonding energy reaches the InP bulk fracture energy of 630 mJ/ m 2 after annealing at 200°C. Different plasma techniques, fast atom beam bombardment, and sputter cleaning are also used in wafer bonding processes. [8] [9] [10] In addition, grooves and groove networks can be etched on the Si wafer surface to depress dislocation densities and prevent the development of blisters. [11] [12] [13] It is possible to decrease the dislocation density to 100 cm −2 in the bulk near a free surface by employing a groove network. 12 Thinning InP substrate is also applied to reduce the thermal stresses. 6 The elastic strain energy can be greatly reduced by thinning the InP substrate to less than a critical thickness even when annealed at high temperatures.
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II. WAFER BONDING PROCESS
Single-facet polished silicon and InP wafers were used in this work. The 2-in. p-type silicon wafers are standard bare Czochralski ͑CZ͒-grown ͑100͒ orientation wafers, with a thickness of 280 m, resistance of 1 -50 ⍀ cm, and a surface root-mean-square roughnessഛ 0.3 nm. An epitaxial layer with six 6-nm-thick Ga 0.4 In 0.6 As 0.92 P 0.08 quantum wells with a compressive strain of about 0.3% is grown on a 380-m-thick InP ͑100͒ substrate. The epitaxial growth is a low-pressure metal-organic chemical vapor deposition ͑LP-MOCVD͒ at the growth temperature of 550°C and the pressure of 20 mbars. The barrier is Ga 0.23 In 0.77 As 0.52 P 0.48 with 0.1% compressive strain and with the thickness of 6 nm, and the energy bandwidth corresponding to wavelength of 1.200 m. The summary of the structure of the epitaxial layer is characterized in Table I . The total thickness of the epitaxial layer is about 1.1 m.
The wafer bonding process is characterized as follows. After being cooked several times by organic solvents, the wafers are rinsed by de-ionized ͑DI͒ water and cleaned in an ultrasonic device. Subsequently, the Si and InP wafers are hydrophilicly treated, respectively, and then crystalline orientation aligned, and brought into contact with Si ͑100͒ to InP ͑100͒ in pure water. Finally, these wafers are baked at 70°C for 5 h to drive out the hydrosphere in order to prevent blisters in the subsequent annealing steps. The van der Waals bonding between the mated two wafers is formed during this process. After preliminary bonding, the adhered wa-fers are put into a vacuum stove, and annealed in vacuum at a slowly increasing temperature. The annealing process has three steps. First, the wafers are annealed at 150°C at a temperature-rising rate of 0.1°C / min, and a pressure of 40 N/cm 2 is applied to the wafer pairs. Five hours of constant-temperature annealing at 150°C is performed to the pairs. Then the annealing temperature descended to 20°C at a rate of 0.1°C / min. Second, the InP substrate of the bonded pairs is mechanically thinned to about 100-150 m. Third, the bonded pairs are annealed again without any pressure on the pairs from the room temperature to 150°C, at a temperature-rising rate of 0.1°C / min, constant-temperature annealed for 5 h; and then to 250°C at a rate of 0.3°C / min, constant-temperature annealed for 5 h; then to 350°C at a rate of 0.5°C / min, constant-temperature annealed for 2 h; and finally to 450°C at a rate of 1°C / min. The annealing temperature is kept at 450°C for 30 min, and then descended to room temperature at a rate of 1°C / min. As the annealing temperature increased, the temperature rising velocity increased, and the annealing time decreased. This is because the phosphor in the InP wafer surface is apt to volatilize as the temperature is high ͑gener-ally above 400°C͒ in a vacuum environment. When the phosphor is volatilized, many ventages will be engendered around the bonding interface, and this will cause devastating effect to the bonding. The InP substrates of the bonded wafers are removed by selective wet chemical etching. As mechanically thinned InP substrate was only about 100 m, the etching of the substrate is comparatively quick. An approximately 2000-Å-thick selective etching InGaAs layer is grown clinging to the substrate. The InP substrate was etched by 1:4 diluted HCl solution at 20°C, and with only the epitaxial layer on the Si substrate.
III. ANALYSIS OF THERMAL STRESS
A. Analysis by a finite element method
The fusion of InP wafers onto Si is difficult because of thermal stress induced by the different thermal expansion coefficients of the materials. To investigate the distribution of thermal stress in the bonded wafers, we applied planar finite element modeling technique and assumed that no bubbles or unbonded areas exist in the bonding interface. Furthermore, we assumed that the two wafers can expand freely during annealing and strong atomic combination at the interface is formed at the highest annealing temperature of 450°C. And then strains develop as the samples cool down. 3 . All the physical parameters used in the modeling are independent of temperature. Figure 1 shows the planar distribution of the thermal stress in the epitaxial layer; both the length and the width applied in the model are 10 cm. The result shows that stress at the edges is much larger than that in the center and the thermal stress is the minimum at the middle parts of the semidiagonals. Figure 2 shows the distribution of thermal stress in a cross section of the bonded wafers. Both the length and the thickness of the InP and Si wafers applied in the model is 1 and 0.15 cm, respectively, here in order to exhibit the longitudinal distribution of the thermal stresses in the cross section of the bonded wafers, we have enlarged the ratio of the thickness to the length of the bonded wafers appropriately. The calculated result also shows that thermal stress is greatest at both edges of the interface and is mainly centered on the bonding interface as obtained in Ref. 6 .
B. Analysis by analytic method for circular bonding wafers
The normal, peeling, and shear stresses are also calculated as functions of the thickness of the InP substrate and annealing temperature. Circular bonding wafers with a radius of 1 cm were analyzed at different annealing temperatures from 150 to 550°C. We assume that bonding at room temperature is so weak that the two wafers can slide against each other, and strong bonding does develop only after the highest constant temperature treatment process. The strong bonding prevents further sliding and thermal stresses develop as it cools down. What is more, we assume all the physical parameters are independent of temperature, and no bubbles, debonding, sliding, or structural or compositional changes occur during temperature changes. Figure 3 illustrates the thermal stress analysis structure of InP-Si direct wafer bonding. 13 The normal stress is the greatest at the bonding interface, and its lateral distribution expression is
where x is the distance from the center to the edge of the circular bonded wafers, ⌬␣ = ␣ InP − ␣ Si is the difference of thermal expansion coefficients between InP and Si, ⌬T is the temperature change, t w1 and t w2 are the thicknesses of InP and Si, respectively, and t w = t w1 + t w2 is the thickness of the whole bonded pair. 
In addition to the normal stress of the two bonding wafers that are parallel to the bonding interface, peeling, and shear stresses are also present. The peeling stress p at the bonding interface can be expressed as where
is also an intermediate process parameter, The shear stress has a similar expression as 13 = 10 −6 max exp͓− 0.01K͑R − x͔͒ ͑MPa͒, ͑10͒
Figures 4͑a͒-4͑c͒ show the distribution of normal, peeling, and shear stresses, respectively, on the bonded InP-Si interface at different annealing temperatures. Since there is little stress variation from the center ͑x =0 cm͒ to the border ͑x Ϸ 0.9 cm͒, we only plot the stress variational trend from x = 0.9 to 1 cm. Figure 4͑a͒ shows that the normal stress decreases exponentially as it approaches the edge of the interface, whereas ͑b͒ and ͑c͒ show that the peeling and shear stresses increase exponentially as it closes to the edges of the bonding interface. The normal stress at the center ͑x =0 cm͒, and peeling and shear stresses at the edge ͑x =1 cm͒ of the InP-Si bonding interface are plotted as functions of the thickness of the InP substrate in Figs. 5͑a͒-5͑c͒ , respectively. The results show that thinning the thickness of the InP substrate to about 150 m can reduce the normal stress effectively, but increase the peeling and shear stresses.
IV. STRAINS MEASURED BY X-RAY DOUBLE CRYSTAL DIFFRACTION
There are many factors that will cause stresses during the thermal process; all these stresses are considered as parts of the internal stress. In order to investigate the internal strain and the strain caused by the mismatching of the crystalline orientation between InP ͑100͒ and Si ͑100͒, x-ray double crystal diffraction is measured for the bonding wafers annealed at 450°C. We select angles of ±31.667°for the incident x-ray beam and the measured points in the middle of the wafer. The diffraction angle 2 is 63.67°and 63.04°, respectively, as the incident angle of x-ray beam is 31.667°F The internal strain can be expressed as follows
The strain caused by the mismatching of the crystalline orientation is
͑13͒
Under the two-dimensional stress conditions, there are two normal stresses 1 , and 2 , which are parallel to the InP ͑100͒ facet, and have the same value. The stress which is perpendicular to the InP ͑100͒ facet is zero. The strain 3 , which is perpendicular to the plane, is not zero. When the materials are isotropic, 3 can be expressed as
From this equation, we get the normal stress of 379 MPa, which is bigger than our calculated results and is also bigger than the reported results. 16 We think this is because we have set many hypothetical conditions before the calculation. In particular, we have assumed that the two wafers can expand freely before the temperature reaches 450°C. The two wafers are bonded ideally. Atomic combination at the interface is formed just when the annealing temperature reaches 450°C. Furthermore, we have assumed that all the physical parameters are independent of the annealing temperature. However, the bonding interface is not so ideal as expected, the measured internal stress is composed of two parts, namely, the thermal stress and the intrinsic stress. The thermal strain is related with the difference of the thermal expansion coefficients between the bonded film and the Si substrate. Besides the thermal stress, Buckel 17 has investigated six sources of the intrinsic stress. These sources all exist during the wafer bonding process, which can be concluded as:
͑1͒ The combination of the atoms between the bonded film and the substrate, for example, the existence of the residue of gases such as oxygen and hydrosphere and the chemical reaction in the bonding interface will be one source of intrinsic stress. 18, 19 ͑2͒ The difference of the lattice space between the bonded film and the substrate is another source for the intrinsic stress. If the bonded film is thick enough or the lattice mismatch between the bonded film and the substrate is high, the strain energy in the bonded film will be released through the rearrangement of the interface dislocation and defects, and to decrease the whole energy of the bonded system. This interfacial dislocation rearrangement mechanism is strongly related with the origin of the intrinsic stress.
20-22
͑3͒ When the temperature of the thermal treatment is high enough ͑above 350°C͒, the indium in the InP surface will separate out to the bonding interface. 23 The indium atoms first form islets in the InP / Si interface, as the islets grow up, the combination strength between the indium islets and the InP and Si basal bodies is strengthened, the movement of these atoms are restricted by the basal body. At the same time, the crystallization of the islet is suppressed by the interfacial force, and the compression stress produced. As the augmentation of the islet, the attractive force augmented because of the reducing of the distance among these islets, and then tension stress produced. [24] [25] [26] ͑4͒ Intensive stress also produces in the course of the recrystallization process of the separated indium islets. There are several different models to simulate the production mechanism of the stress.
27,28
͑5͒ The particular arrangement of the microcavities, defects, and dislocations in the bonding interface will induce intensive stress.
29,30
͑6͒ Intensive stress also produces during the phase transformation of the chemical reaction process in the bonding interface.
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V. INFLUENCE OF STRAINS ON PHOTOLUMINESCENCE SPECTRUM
The thermal strain and the strain caused by the mismatching of the crystalline orientation between InP ͑100͒ and Si ͑100͒ have changed the original strain state of the multiple-quantum-well ͑MQW͒ layers. Since the thermal expansion coefficients and lattice constants of InP are larger than that of Si, these strains are tensile strains. Inevitably, subtle changes will occur in the band structure and be reflected in the PL spectrum. The effect of the tensile strain on the PL wavelength is estimated by theoretical calculations. The effect of the thermal strain can be considered as a part caused by the hydrostatic deformation, which will make the whole valence band rise; and the strain caused by the mismatching of the crystalline orientation is a kind of shear strain, which will make the light hole band and heavy hole band separate. The parameters of the quantum well layers used in the calculation have been listed in Table I . According to the experimental result in the above paragraph, the accessional tensile thermal strain caused by the wafer bonding process is 0.004 47, and the accessional shear strain caused FIG. 6 . Illustration of the deflection of x-ray 2 diffraction angle induced by thermal strain and the strain caused by the deflection of crystalline orientation between InP ͑100͒ and Si ͑100͒.
by the mismatching of crystalline orientation is 0.000 59. The introduction of the accessional tensile strain into the crystal lattice of the semiconductor will lead to the lattice constant in the direction parallel to the plane elongated. Because the energy gap of a semiconductor is related to its lattice spacing, we might expect that distortions in the crystal lattice should lead to alterations in the band gap of the strained layer. Firstly, the effect of the tensile thermal strain produces a downward shift in the conduction band as well as an upward shift in both valence bands, and decreasing the overall band gap by an amount ␦ H . The compressive strain caused by the material lattice mismatch has an opposite effect on the conduction band and the valence band, and increasing the overall band gap by an amount ␦ H Ј. The subscript H indicates that this shift originates from the hydrostatic component of the strain. Secondly, the shear strain caused by the mismatching of the crystalline orientation induces the separation of the heavy hole ͑HH͒ and light hole ͑LH͒ bands, each being pushed in opposite directions to the center by an amount ␦ S Ј. The shear strain section caused by the material lattice mismatch also induces the separation of the HH and LH bands by an amount ␦ S . The subscript S indicates that this shift originates from the shear component of the strain. Thus, the band edge degeneracy of the two valence bands is removed and two energy gaps must now be redefined. The total strained band gap can be written as
͑15͒
The interpolation formulas for all physical parameters P used in the calculation of band edge except for the band gap are given as follows: 31 P͑In 1−x Ga x As y P 1−y ͒ = P͑GaAs͒xy + P͑GaP͒x͑1 − y͒ + P͑InAs͒͑1 − x͒y
P represents many kinds of material physics parameters, such as lattice constants ͑a͒, elastic stiffness coefficients ͑C 11 , C 12 ͒, elastic deformation potential, valence band Luttinger parameters, and the effective mass of the electron and hole ͑m c , m hh , and m lh ͒. The effective mass of the electron and hole can be calculated from Luttinger parameters:
The material parameters of the binary semiconductors can be found in Table II . 32, 33 The one exception to the linear interpolation is the formula for the unstrained band gap, which is expressed as follows The effect of strain in the plane of the epitaxial layer is expressed as
where a is the lattice constant of the quaternary In 1−x Ga x As y P 1−y epitaxial layer and a 0 is the lattice constant of the substrate InP. ␦ is the strain caused by the mismatching of crystalline orientation between InP ͑100͒ and Si ͑100͒, which is parallel to the plane of the epitaxial layer. The strain in the perpendicular direction can be expressed as follows
The measured thermal strain 3 by x-ray double crystalline diffraction which is perpendicular to the plane of the epitaxial layer represents the perpendicular mismatching of crystalline parameter between the epitaxial layer and the substrate. Then the conduction band is shifted by the energy 31 ␦E c ͑x,y͒ = a c ͑ xx + yy + zz ͒,
͑21͒
and the valence bands are shifted by ␦E hh ͑x,y͒ = − P − Q and ␦E lh ͑x,y͒ = − P + Q ,
͑22͒
where
The parameters a c and a v used in the expressions are the conduction band and valence band hydrostatic deformation potentials, and b is the valence band shear deformation potential. The strained band gaps can then be expressed as follows 31 E c−hh ͑x,y͒ = E g ͑x,y͒ + ␦E c ͑x,y͒ − ␦E hh ͑x,y͒, E c−lh ͑x,y͒ = E g ͑x,y͒ + ␦E c ͑x,y͒ − ␦E lh ͑x,y͒.
͑24͒
When the electron transition from i subenergy band to j, the corresponding local spontaneous spectrum can be expressed as follow 34, 35 
where ͉M ave,ij ͉ 2 is the transition matrix element from the i conduction subenergy band to the j valance subenergy band r,v,ij is the associated states density, 36, 37 and ប is the Planck constant.
The optical mode density opt ͑in units of energy −1 cm −3 can be expressed as
In these equations, n is the index of refraction in the crystal; m 0 is the free electron mass; c is the speed of light in free space; and 0 is the free space permittivity. n g is the group velocity of the wave; and the group index n g Ј is the same as the definition given for n g if the effective index equals to the material index of refraction. f c,i and f v,j are the Fermi distribution functions of the i conduction subenergy band and the j valence subenergy band, respectively. c and v represent the electron of the conduction band and the heavy and light hole of the valence band respectively. E ij 0 represent the base state energy between the i conduction subenergy band and j valence subenergy band levels.
In quantum well structures, the matrix element is enhanced for certain electric field polarizations and reduced for others. For total spontaneous emission, we are interested in the total output of light, not which polarizations of light are being emitted spontaneously. Thus, we take the average strength of the transition matrix element over all three polarizations. Considering every possible interband relaxation expansion, and plus all the possible transition, we get the whole quantum spontaneous emission power. The relation can be written as 34 L͑E eh ͒ is the Lorenzian line-shape function, which is used to characterize the broadening factor. in is called the intraband relaxation time, which is regarded as the reciprocal intraband scattering probability averaged between electrons and holes. 34 In the calculations, we have set the injected electron density as 1 ϫ 10 16 /cm −3 , and the working temperature 300 K. These conditions are close to the measurement conditions of the photoluminiscence ͑PL͒ spectrum, such as the comparatively low carrier density and room temperature measurement. The calculated PL spectra are plotted in Fig. 7 for bonded and unbonded wafers. We can see that the strains have caused a redshift in the emission wavelength of about 0.016 m.
We have also studied these influences by measuring the PL spectrum of the samples. Some different points in the middle of the epitaxial layer were selected during the experiment. Figure 8 shows the PL spectrum of the bonded and unbonded wafers. From the figure, it can be seen that tensile strains have caused a redshift of the PL spectrum wave- FIG. 7 . Calculated result of influences caused by the strains which were induced in the bonding process to the spontaneous emission spectrum.
length. The shifting magnitude is about 0.014-0.017 m. This result is consistent with the calculated conclusions.
VI. CONCLUSION
We have transferred the InP ͑100͒-based InP / InGaAsP multiquantum well epitaxial layer onto Si ͑100͒ by the chemically direct wafer bonding method. Planar and crosssectional distributions of thermal stress were calculated by a two-dimensional finite elements method. Different types of thermal stress were also calculated by an analytic method. Thermal mismatch strain and the strain caused by the mismatching of the crystalline orientation between InP ͑100͒ and Si ͑100͒ were investigated by x-ray double crystal diffraction. When the wafers are annealed at 450°C, the tensile strain is about 0.004 47. The influence of the strains on the PL spectrum is calculated. These tensile strains caused a blueshift in the PL wavelength. Photoluminescence experiments were also performed in order to validate our calculations, and the theoretically calculated result is consistent with the experimental conclusions.
